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ND license.1. Introduction
The anthracycline antibiotics, such as daunomycin (Daunobla-
stin) 1, doxorubicin (Adriablastin) 2 and semi-synthetic
idarubicin (Zavedos) 3 (Fig. 1) were originally isolated as
red-coloured metabolites from cultures of Streptomyces
peucetius (Cassinelli and Orezzi, 1963) in southern Italy. They
are a widely-studied class of chemotherapeutic agents currently
still used in the treatment of a broad spectrum of solid
tumours, lymphomas and leukaemias (Arcamone, 1981;
Grynkiewicz et al., 2002; Monneret, 2001) (Fig. 1).
They are often used (as water soluble hydrochloride salts)
in combination with other agents, such as taxanes (Friedrichs
et al., 2002) e.g. paclitaxel 4 (Fig. 2). As an example of clinical
use, a combination of cyclophosphamide, doxorubicin 2 and
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Figure 1 Anthracyclines 1–3.
Figure 3 Intercalation of idarubicin 3 with a D(CGATCG)
fragment.
30 J.P. Miller, R.J. Stoodleyvincristine (CAV) (von Pawel et al., 1999) can be used to treat
small cell lung cancer with a ca. 18% overall response rate.
Cisplatin or carboplatin may be used in early chemotherapy
regimes. Side-effects of anthracycline use can include cardio-
toxicity, attack of the mucous membranes, nausea and vomit-
ing. Doxorubicin 2 activity can be impeded by the outgrowth
of drug-resistant tumours (Priebe et al., 1998; Robinson
et al., 1997). Proteins such multidrug resistance protein
(MRP) and p-glycoprotein (Persidis, 1999) are involved in
drug resistance and the genes required for their synthesis are
a target in chemotherapy. Doxorubicin 2 covalently linked to
an amino-dextran antibody (Shih et al., 1991) was found to
be four times as effective against LW39 tumour compared to
the free drug.
The primary mode of interaction of anthracyclines with tu-
mour cells is by a process of intercalation (Box, 2007; Chaires,
1998) into the major groove of nucleolar DNA (with CG base
speciﬁcity) and inhibition of the replication process. The DNA
base pairs above and below the drug ‘buckle’ in conformation
to afford a distorted DNA helix (Dautant et al., 1995; Freder-
ick et al., 1990) thereby preventing correct association with the
DNA helicase, topoisomerase II (Pommier, 1995; Wang, 1996)
and polymerase families of enzymes to initiate DNA replica-
tion for RNA transcription, protein formation and thereby cell
division (Fig. 3 (Miller and Stoodley, in press) which also in-
cludes a spermine ligand; key: carbon atom, grey; oxygen,
red; nitrogen blue).
Also, the anthracyclines can also cause DNA single-strand
breaks by way of free radicals (Arcamone, 1981) and therefore
cause irreversible damage. More recently, a group of synthes-
ised alkylcyclines was reported with both DNA alkylating and4
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Figure 2 Taxol 4 aintercalating properties (Geroni et al., 2001). By way of com-
parison, taxanes and epothilones (e.g. Epothilone B 5) (Mok
et al., 2006) are microtubule stabilisers and interfere with the
mitotic process of cell division (Altmann and Gertsch, 2007).
Over the last several decades, syntheses of anthracyclinones
(the aglycones of anthracyclines) and anthracyclines have been
developed, initially creating racemic mixtures (Arcamone,
1981) and then focusing on stereoselective routes to enantio-
merically pure anthracyclinones (Achmatowicz and Szechner,
2008). Construction of the tetracyclic ring system can involve
cationic reactions (Friedel–Crafts reactions), Diels–Alder reac-
tions or anionic reactions including the Marschalk reaction
(Krohn, 1986).
This review article will focus on asymmetric Diels–Alder
reactions using D-glucose based silyloxy dienes 6, 7 (a chiral
Danishefsky’s diene) or naphthoquinones of type 8 (Fig. 4)
bearing the D-glucose auxiliary to create the correct function-
ality in a stereoselective manner at the C-7 position and the
silyloxy substituent in the cycloadduct can later be hydrolysed
to enable enantioselective functionalisation of the C-9 ketone
moiety using alkynylmetal reagents (Edwards et al., 1991;
Gupta et al., 1984).O
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Figure 4 Stereodirecting reagents used in the Diels–Alder
reaction.
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First of all, the Diels–Alder approach is discussed for its versa-
tility in anthracyclinone syntheses following a speciﬁc ring-
DCB synthon approach.
Since its discovery (Diels and Alder, 1928), the Diels–Alder
reaction has played a part in the synthesis of known or un-
known biologically interesting molecules containing 6-mem-
bered rings preferably in an asymmetric and regioselective
manner (Nicolaou et al., 2002; Whiting, 1996; Wright et al.,
2008). Otto Paul Hermann Diels and Kurt Alder were awarded
the Nobel Prize in Chemistry in 1950 for their work on this
reaction.
Diels–Alder reactions are very popular in anthracyclinone
syntheses (Miller, 1994; Vogel, 2008) and the focus here is to
build up the anthraquinone of type 9 using the ring-DCB die-
nophile type 10 with a suitable diene of type 11 (Scheme 1) to
begin the functionalisation of the ring-A; naphthazarin gluco-
side 8 is clearly a ring-CB dienophile.O
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Scheme 1 Diels–Alder route to anthracyclinones.
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Scheme 3 Diastereoselectivity2.1. The Diels–Alder reaction using Danishefsky’s diene (13)
Commercially-available Danishefsky’s diene 13 has versatile
use in the construction of 6-membered rings (Scheme 2) (Dani-
shefsky et al., 1979), frequently including those with heteroat-
oms (Lee et al., 2010; Pe´got et al., 2006). It would appear to set
up the functionality as deﬁned by Scheme 1 (X = OSiMe3;
Y = OMe). Thus, the enone 12 reacted with the diene 13 to af-
ford rac-14 which was hydrolysed to the enone 15 in 71%
yield.
Reacting electron-rich dienes, such as Danishefsky’s diene
13 with an electron-deﬁcient dienophile of type 10 causes
cycloaddition at the internal (C-5a,9a) double bond (Kelly
et al., 1976). To overcome this obstacle, Stoodley reacted the
oxirane 16 (itself obtained from quinizarin (Chandler and
Stoodley, 1978)) with Danishefsky’s diene 13 to afford the
rac-cycloadduct 17 in a chromatography-free diastereocon-
trolled synthesis of rac-4-demethoxy-7-O-methyldaunomyci-
none (7-O-methylidarubicinone). The rac-cycloadduct 17 was
obtained in 86% yield (Scheme 3) (Gupta et al., 1985). Subse-
quent hydrolysis with 0.1 M HCl–THF afforded the rac-C-9
ketone moiety in 83% yield. This would set the stage for anal-
ogous enantioselective routes using dienes of type 6 or 7.
That the cycloadduct 17 was obtained as a single diastereo-
mer was inferred in the expectation that the Diels–Alder reac-
tion has occurred by way of the least-hindered endo-transition
state (Fig. 5); secondary orbital overlap (from the two car-
bonyl groups) is shown with dashed lines which help to stabi-
lise an endo-transition state (by lowering its energy) resulting inOSiMe3
OMe
HC
Me
(±)-14
0.1M HCl(aq)
THF
71% MeOHC
O
(±)-15
the Diels–Alder reaction.
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Figure 5 Endo-transition state.
32 J.P. Miller, R.J. Stoodleythe desired diastereoselectivity under kinetically controlled
conditions.
2.2. Molecular orbital theory
Hu¨ckel perturbation molecular orbital (MO) calculations and
the frontier orbital theory (Fleming, 1986) would suggest that
the presence of four carbonyl groups in the dienophile 16
makes it more electron-deﬁcient, thereby decreasing its lowest
unoccupied molecular orbital (LUMO) energy. The LUMO is
more reactive towards electron-rich dienes (such as types 6, 7
and 13) using their highest occupied molecular orbital
(HOMO). A comparison of the LUMOs of the dienophiles
8, 16–24 with the HOMOs of the silyloxy dienes 6, 7, 13 and
25 (Fig. 6) involved in asymmetric Diels–Alder reactions is pre-
sented in Table 1.
The greatest HOMO–LUMO energy difference (energy
gap) is using Danishefsky’s diene 13 with these dienophiles (en-
tries 1 and 4) as it possesses the lowest energy HOMO (8.99 (
SPARTAN’08) or 8.82 (SPARTAN 2.0 using semi-empirical
(AM1) calculations) (Pidaparthi et al., 2009) or 8.1 eV (CA-
MEO using 3-21G calculations) (Schmidt and Jorgensen,
1983)); the D-glucose-based dienes have a similar higher
HOMO energy (ca. 6.2 eV). The LUMOs of the electron deﬁ-
cient dienophiles were fairly close in range ca. 2 ± 0.5 eV
with the naphthoquinone dienophiles 19 and 20 showing the
least negative energy values (entries 5 and 6). For comparison,
N-phenylmaleimide shows a slightly higher LUMO of
1.64 eV. Thus, for reactions involving the use of Danishef-
sky’s diene an energy difference of ca. 6.7 eV was obtained;
for D-glucose based dienes it was a closer ca. 4 ± 0.4 eV.O
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Figure 6 Dienophiles and dienes used in MO calculations.
Table 1 Diels–Alder reaction LUMO–HOMO energies/eV.
Entry
1 2 3 4 5
Dienophile 8 16 16 18 1
Diene 13 6 25 13 6
LUMO 2.25 2.51 2.51 2.22 
HOMO 8.99 6.2 6.17 8.99 
DE 6.74 3.69 3.66 6.77 4SPARTAN’08 software was used to estimate the energies in
Table 1, using semi-empirical (MNDO) calculations (Fig. 7)
(with 3D models) and to approximate the HOMO–LUMO
molecular orbital densities typiﬁed in Fig. 8 (e.g. between the
glucoside 8 or other naphthoquinones and diene 13; the
MOs are coloured red and blue).
In this ﬁgure, orbitals of similar colour can only overlap in
the formation of new C–C bonds (one example with the black
line); secondary orbital overlap is also shown (grey line). The
glucopyranoside sugar moiety is represented by R* and its ste-
reospacial conﬁguration with respect to the naphthoquinone
moiety was not properly represented using this software
(Fig. 9) due to the anticipated steric and exo-anomeric effects
discussed and there is an expected slight asymmetry in the
shapes of the MOs because of the OH group.
The molecular orbital densities in the D-glucose based
dienes or anthraquinone-oxirane dienophiles involved in the
Diels–Alder reactions were not well represented or only pres-
ent on other parts of the molecule (e.g. the sugar) and therefore
of little interest. It should be noted that the molecular orbital
energies for the s-trans D-glucose-based dienes were calculated
and would represent only a small deviation from the s-cis con-
formation. In entry 10, the LUMO of the reacting tautomeric
form 24a was calculated; prior to tautomerisation the LUMO
of the dienophile 24 is 1.84 eV and would show a larger en-
ergy gap and making it less reactive.
HOMO–LUMO DE energy gaps of unrelated molecules are
also estimated from electrochemical and absorption spectros-
copy and their MO surfaces similarly represented by an earlier
version of this software (Nandy and Sankararaman, 2010).
However, the semi-empirical (MNDO) HOMO–LUMO
energy gaps of these large molecules calculated with SPAR-
TAN’08 were not in approximate agreement with experimental
values quoted by Nandy and Sankararaman, so similar spec-
troscopic experimental techniques for estimating the values
of some of the dienes and dienophiles in this review could dif-
fer to Table 1.
2.3. Asymmetric Diels–Alder reactions using D-glucose-based
silyloxy dienes2.3.1. General scope
Monosaccharides such as D-glucose are used as chiral auxilia-
ries in organic synthesis (Tadano and Totani, 2008). Based on
Danishefsky’s diene 13, a large number of investigations were
carried out in the Stoodley group to investigate asymmetric
Diels–Alder reactions using D-glucose-based silyloxy dienes
and a model developed to account for the stereoselectivity
(Gupta et al., 1989). D-Glucose was chosen as an auxiliary as6 7 8 9 10
9 20 21 22 23 24a
7 6 6 6 7
1.92 1.77 2.54 2.56 2.5 2.26
6.2 6.15 6.2 6.2 6.2 6.15
.28 4.38 3.66 3.64 3.7 3.89
Figure 7 SPARTAN’08 screenshot.
Figure 8 HOMO 13 (top), LUMO 8 (bottom) endo-transition
state.
Figure 9 LUMO of naphthazarin glucoside 8.
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Scheme 4 Reagents and conditions: (a) Me2SO, 31%; (b)
Me3SiCl, ZnCl2, Et3N, PhH, 55 C, 78%; (c) tBuMe2SiOTf,
Et3N, CH2Cl2, 89%; (d)
iPr3SiOTf, Et3N, CH2Cl2, 43%.
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later on in a synthesis (Scheme 5).
Dienes of type 6 (Gupta et al., 1984), 7 (Larsen and Stood-
ley, 1989) and 29 (Miller and Stoodley, in press) are prepared
according to Scheme 4. Reaction of D-acetobromoglucose 26
(Gupta et al., 1984) with the sodium salt of (E)-4-hydroxy-
but-3-en-2-one 27 (Harris et al., 1963) afforded the b-D-bute-
none 28 in moderate yield which were then converted into
the D-glucose-based dienes 6, 7 and 29.
Firstly, the D-glucose based diene 6 reacted with N-phenyl-
maleimide to give an 86:14 ratio of the cycloadducts 30 and 33;trituration (Et2O) and recrystallisation (CH2Cl2–Et2O–hex-
anes) afforded the major cycloadduct 30 in 52% yield (Gupta
et al., 1988). Secondly, the D-glucose-based diene 7 reacted in a
similar manner to afford a mixture of cycloadducts 31 and 34
(85:15, 70% prior to recrystallisation) (Larsen and Stoodley,
1989). Thirdly, an 85:15 ratio of the tri-isopropyl cycloadducts
32 and 35 were detected (Miller and Stoodley, in press) using
the diene 29 but in lower recoverable yield of 32. In all cases,
the major cycloadduct was hydrolysed by the action of 0.1 M
hydrochloric acid to afford the ketone 36 (e.g. 85% from 30)
(Fig. 10). A whole host of cyclic and acyclic dienophiles were
examined and cycloadded to these dienes in a similar fashion
such as p-benzophenone (89:11 ratio) (Gupta et al., 1988).
Thus, these model cycloaddition reactions which occur with
high diastereoselectivity would set the scene for enantiopure
anthracyclinone syntheses.
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Scheme 5 Reagents and conditions: (a) PhH, 5 C; (b) 0.1 M HCl, THF, 57%; (c) Zn, AcOH, 71%; (d) BMgBr, THF, 0 C then
Pb(OAc)4, AcOH, 77%; (e) – (i.) 1 M HCl(aq), EtOH, D, 89%; (ii.) HgO, 7% H2SO4(aq), Me2CO, reﬂux, 75%.
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34 J.P. Miller, R.J. StoodleyIn all cases, the major cycloadduct arising from the cyclo-
addition is a result of bond formation to the less sterically hin-
dered top face of the diene 6a (Fig. 11).O
HH
OAc
H
HAcO
AcO
H
OAc
O
Me3SiO
6a
Favoured approach of dienophile
Figure 11 Model of cycloaddition.An X-ray crystallographic study has shown that D-glucose
based dienes of type 6 or 7 exist in the s-trans geometry 6b.
An n.O.e.d. spectroscopic study by NMR in deuteriochloro-
form solution showed that mainly one conformer of type 6b
was present. Presumably (Gupta et al., 1989), the steric inter-
action (green lines) between Hx and Hz in the conformer 6c
outweighs that between Hx and Hy in conformer 6b and tips
the balance in favour of the latter (Fig. 12).
The adoption of conformations 6b and 6c (Fig. 12) is in ac-
cord with expectation based on the exo-anomeric effect (Gupta
et al., 1989), in which the O-1 (between the diene and sugar) is
sp2 hybridised and its p-orbital overlaps with the p* antibond-
ing orbital of the diene moiety and the r* antibonding orbital
as a result of the bond between C-10 and O-10 in 6 (Fig. 13;
Miller and Stoodley, in press); when O-1 is sp3 hybridised (in
C-1, O-1 saturated systems) there is a more favourable gauche
(60) relationship.O
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Figure 12 NMR solution studies of the diene 6.
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syntheses
In 1984 (Gupta et al., 1984), Stoodley reported an enantiose-
lective synthesis of (+)-(4)-demethoxydaunomycinone 41
using the oxirane dienophile 16 and the D-glucose based diene
6 (Scheme 5). The use of the D-glucose auxiliary is therefore
presented at the cycloaddition stage as well as enabling the cor-
rect conﬁguration at the C-9 position via Grignard ethynyla-
tion of the dihydroxytrione 39.
Thus, in an asymmetric Diels–Alder reaction the ratio of
the major cycloadduct 37 and minor cycloadduct 42 was 4:1
as observed by 1H NMR spectroscopy; the major diastereomer
37 was isolated in 74% yield after recrystallisation (Fig. 14);
the 3D structure obtained from molecular modelling
(CHEM3D) of the major cycloadduct 37 is also shown (key:
carbon–carbon bonds: grey; carbon–oxygen, red; carbon–
hydrogen, blue; carbon–silicon, purple).
In order to undergo a Diels–Alder reaction, the s-cis geom-
etry of the diene 6 must exist (cf. Fig. 11), as shown in Fig. 15.
The dienophile approaches the sterically less-hindered top face
of a diene of type 6a to avoid an unfavourable syn-1,3-interac-
tion between the C-10–O-10 bond in the sugar group.
The minor cycloadduct 42 arises from addition to either the
top face of the unfavourable cis-conformer of type 6d or bot-
tom face of the preferred conformer of type 6a. The choice of
silyloxy substituent does not appear to affect the stereoselectiv-
ity; the diene 7 and oxirane 16 react in a similar manner to af-
ford a major cycloadduct 43 in 61% yield (Crilley et al., 1993).
This strategy using D-glucose-based silyloxy dienes was applied
towards the enantioselective synthesis of known or unknown
anthracyclinones or their precursors in the Stoodley group
over a period of ca. 20 years with some of these reported in
the literature ((+)-daunomycinone 44 (Edwards et al., 1991),
(+)-4-demethoxy-1,4-dimethyldaunomycinone 45 (KothaO
O
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Figure 14 Example of major and minand Stoodley, 2002) and (+)-8-hydroxy-8-methylidarubici-
none 46 (Bourghli and Stoodley, 2004)) (Fig. 16).
The table summarises the reaction outcome of the dienes 6,
7 and 25 with a selection of quinone and anthraquinone dieno-
philes (Fig. 17) used to build up the anthraquinone ring sys-
tem, focusing on the ratio of the major and minor
cycloadduct diastereomers where possible (Table 2). In all
cases, the cycloadducts possess the same conﬁguration in the
ring-A compared to compound 37 and 42 in Fig. 14. The %
yield in the table refers to the major diastereomer isolated
and compound labels are shown in bold with relative ratios
of each diastereomer (%) in brackets. Some data was not re-
ported (N/A) and unless otherwise indicated, the reactions
were carried out at room temperature (r.t.).
In these cycloaddition reactions, the cycloaddition of vari-
ous anthraquinone electron-deﬁcient dienophiles ( 16, 19–23,
24 and 47) with D-glucose-based dienes (6, 7 and 25) appears
to occur with high diastereochemical control as revealed by
the model earlier to form major diastereomers (37, 49–56).
The minor diastereomers (42, 57–64) are also shown
(Fig. 18). Several factors are worth mentioning.
Firstly (entry b in Table 2), there is only one cycloadduct 52
observed by NMR spectroscopy of the products from the reac-SiMe3
Ac
Ac
or diastereomers and 3D structure.
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Figure 17 Components of the asymmetric Diels–Alder reaction.
36 J.P. Miller, R.J. Stoodleytion. This is to be expected considering that the presence of the
methyl group at the C-2 position on the diene would lead toTable 2 Asymmetric Diels–Alder reaction with D-glucose-based die
Entry Dienophile Diene Solvent Temperature (C) Majo
a 16 6 PhH 5 37 (8
b 16 25 MeCN r.t. 52 (1
c 19 6 PhH 80 49 (7
d 20 7 PhMe 95–100 50 (7
e 21/22 6 Me2CO r.t. 53/54
f 23 6 Me2CO r.t. 55 (N
g 24 7 PhMe 98 56 (8
h 47 6 PhH 80 51 (N
a 1, Gupta et al. (1984); 2, Bourghli and Stoodley (2004); 3, Curtis (199
(2002); 7, Miller and Stoodley (in press).
b The yield is the de-O-silylated anthraquinone analogue of type 38.
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Figure 18 Cycloadevenmore steric hindrance with the anomeric C0-1 Hx hydrogen
(Figs. 12 and 15) favouring the presence of a conformer of type
6a and preferred topside attack. Secondly, using dimethoxy-
naphthazarin 20 (Brass et al., 1936), (entry d), although a 3:1 ra-
tio of the diastereomeric cycloadducts 50 and 58 were detected
in the reaction mixture (by 300 MHz 1H NMR spectroscopy)
the major isomer was difﬁcult to purify. In the end after tritur-
ation with ether, silica-gel chromatography and repeated crys-
tallisation an analytical sample of the ketone 65 was obtained
(Fig. 19). Obviously the labile silyl group was cleaved in the pro-
cess. Thirdly, (entry e), the epoxymethoxytetraones 21/22 react
with the diene 6 to form a ca. 1.5–2:1 ratio of the isomers 53 and
54. The minor diastereomers 61 and 62 were not detected or
mentioned in the article. After hydrolysis with 0.1 M HCl/
THF the ratio of the ketones 66 and 67 were 2.5–3:1 and the
enantiomerically pure pentaone 66 isolated in ca. 13% yield
after fractional crystallisation used to eventually afford (+)-
daunomycinone 44 in a similar manner to Scheme 5.
Fourthly, (entry f), the cycloadduct 55 was the main prod-
uct of the reaction. Fifthly (entry g), for the bicyclic quinol 24
tautomerism (‘acylwanderung’) of the OH/C‚O groups allow
attachment of the diene at the sterically less-hindered externalnes.
r diastereomer (%) Minor diastereomer (%) % Yield Ref.a
0) 42 (20) 74 1
00) 60 (0) 67 2
5) 57 (25) N/A 3
5) 58 (25) 7b 4
(N/A) 61/62 (N/A) 13b 5
/A) 63 (N/A) 44b 6
0) 64 (20) 50 7
/A) 59 (N/A) 13b 3
1); 4, Miller (1994); 5, Edwards et al. (1991); 6, Kotha and Stoodley
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Figure 21 ()-Bostrycin 69.
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Figure 19 De-O-Silylated ketones 65–67.
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of 56; the use of its oxirane analogue 48 was less rewarding.
Note that a lower yield of the cycloadduct 56 is obtained
due to the instability of the materials at elevated temperatures;
ring-A aromatization occurs in the diastereomeric cycload-
ducts 56 or 64 and the diene 7 decomposes to the glycoside
28. A small amount of isomerisation of the double bond also
can occur in solution to the C-9,10 positions in the ring-A.
The use of a suitable Lewis acid such as Eu(fod)3 (Miller
and Stoodley, in press) or tetra-O-acetyl diborate did not speed
up the reaction to any signiﬁcant extent to decrease the
amount Finally, (entry h), 1,4-diacetoxynaphthazarin 47
would be expected to form the major diastereomer 51 in a sim-
ilar fashion to other cycloaddition reactions and its analogues
19 and 20 which form compounds 49 and 50, respectively (en-
tries c and d).
To show the advantage of using a D-glucose based diene
over non-anomeric counterparts, substituting the D-glucose
auxiliary for the 40-acetoxy-30-triﬂuoroacetamidodaunosami-
nyl-methylene group (TBDMS-ether 68) did not show any de-
sired stereoselectivity with the oxirane 16 in toluene at 80 C
and a 1:1 ratio of cycloadducts was obtained (Welch et al.,
1993) (Fig. 20).
Thus, D-glucose-based dienes of type 6, 7 or 25 are useful in
the asymmetric synthetic sequence of known or unknown
anthracyclinones preferring a lower reaction temperature to
avoid any decomposition of the reactants or products.
2.3.3. Studies with related D-glucose based dienes
Finally, something should be mentioned of the use of D-glu-
cose-based dienes outside anthracyclinone syntheses, but still
using a quinoid-based dienophile. Some time ago (Beagley
et al., 1989), studies were undertaken in the Stoodley group
to revise the absolute conﬁguration of the natural product
()-bostrycin 69 (Fig. 21). The D-glucose-based diene 70 was
formed in 45% yield by reaction of the standard glucosideOSiMe2tBu
CH2
O
NHCOCF3Me
OAc
68
Figure 20 Non-anomeric diene 68.28 with dibromomethane and zinc in the presence of tita-
nium(IV) chloride in THF. It subsequently reacted with the
quinone 71 to afford the anticipated cycloadduct 72 in high
yield (54%) (Scheme 6).
2.4. Functionalisation of the ring-A of anthracyclinone
precursors
These silylenol ethers have allowed enantioselective function-
alisation of the ring-A (prior to ethynylation). Allylic acetyl-
oxylation of the cycloadduct 43 to the acetoxy silyl enolMe O
O
O
OAc
OAc
OAc OAc
28
OH
O
O
Ph
O
O
H
H
Me
O
O
OAc
OAc
OAcOAc
72
Scheme 6 Reagents and conditions: (a) Br2Me, TiCl4, Zn, THF,
45%; (b) PhH, D, 54%.
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Scheme 7 Reagents and conditions: (a) Pb(OAc)4, CH2Cl2, 51%; (b) DMDO, Me2CO, 97%; (c) DMDO, Me2CO, 95%.
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38 J.P. Miller, R.J. Stoodleyether 73 at the C-10 position occurred using lead(IV) acetate
(Crilley et al., 1993) in dichloromethane (51% after crystallisa-
tion) (Scheme 7). No other isomers were reported.
Introduction of the hydroxyl group and de-O-silylation,
using dimethyldioxirane (DMDO) in Me2CO at the C-8 posi-
tion of the cycloadducts 37 (Miller, 1994) and 52 (Bourghli and
Stoodley, 2004) affords the hydroxypentaones 74 and 75,
respectively; the conﬁguration at the C-8 position in com-
pound 74 was not rigorously established.
3. The use of juglone and naphthazarin glucosides in ring-BC
asymmetric Diels–Alder reactions
3.1. Introduction
The ﬁnal part of this review discusses further developments
using dienophiles 8 or 18 bearing the chiral D-glucose auxiliary
with Danishefsky’s diene 13, used as a ring-CB synthon
(Fig. 22) with a view to constructing a truncated (ring-D de-
leted) anthracyclinone.
Some time ago, it was reported that both naphthazarin 19
(Krohn and Tolkiehn, 1979) and juglone 76 (Tamura et al.,
1985) reacted with electron-rich dienes to develop racemic mix-
tures of anthraquinones and this would serve as a model for
potential enantioselective routes. For example, the rac-dihydr-
oxytrione 77 was obtained in 89% yield from naphthazarin 19
(Scheme 8).OR2
R1 O
O
8:   R1=OH; R2=R*
18: R1=H;    R2=R*
19: R1=OH; R2=H
76: R1=H;    R2=H
O
OAc
OAc
OAcOAc
R*=
Figure 22 Dienophiles used in anthracyclinone syntheses.3.2. Studies with naphthazarin and juglone glucosides (8) and
(18)
The juglone glucoside 18 was obtained in 82% yield (Beagley
et al., 1992) by reacting juglone 76 with acetobromoglucose
26 and silver(I) oxide in MeCN and subjecting the mixture
to sonication. Naphthazarin glucoside 8 was obtained in a sim-
ilar manner (Caygill et al., 2001) but in lower yield (29%).
Reaction of juglone glucoside 18 with Danishefsky’s diene 13
in dry benzene furnished a single cycloadduct 78 in 92% yield
that could be hydrolysed to the enantiopure hydroxytrione 80
in 93% yield in the usual manner (Beagley et al., 1992)
(Fig. 23).
It is of interest to compare this (and related) cycloaddition
reactions with those discussed earlier (Section 2.3.2). A kinet-
ically preferred endo-transition state is preferred leading to
one diastereomer. It was suggested that preference for the dia-
stereomer of type 78 was based upon the grounds of X-rayScheme 8 Model naphthazarin 19 and Danishefsky’s diene 13.
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Figure 23 Cycloaddition products and ring-A ketones.
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Figure 25 Isomerised cycloadduct 86.
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none ring adopts a boat-like geometry with the two carbonyl
oxygens [O1 and O4] facing upwards shielding the syn-face
of the C2–C3 double bond and there is a nonbonding interac-
tion between the C-4 carbonyl oxygen and the carbonyl carbon
of the C-20 acetoxyl group on the sugar. The diene attaches it-
self to the bottom anti-face of the electron-deﬁcient glucoside
(Beagley et al., 1992; Hultin et al., 1997). This is not in accord
with the model for the D-glucose-based dienes and thus the
high stereocontrol is unrelated, despite stabilisation of the glu-
coside conformation by the exo-anomeric effect!
The endo-transition state for compounds 13 and 18 is dis-
played in Fig. 24. The transition state was inferred on the basis
of previously reported studies of the reaction of the juglone
glucoside 18 with cyclopentadiene (Beagley et al., 1992) to af-
ford one cycloadduct 83 via the endo-transition state 82 (or
alternatively viewed as 82a (Hultin et al., 1997)) (Scheme 9).
Should cyclopentadiene have attached itself to the predicted
top face of the glucoside 18a (to avoid an unfavourable syn-
1,6-interaction between the C-10–O-10 bond in the sugar group)
via an endo-transition state viewed as 84, then the diastereomer
85 would have been the favourable diastereomer and is not the
case in these reactions (Scheme 10).
Further deglycosidation and manipulation of the cycload-
duct 78 to a known hydroxyanthraquinone was effected. The
glycosidic bond can be cleaved and the chiral auxiliary re-
moved by acidic hydrolysis which would be needed at a later
stage in anthracyclinone syntheses.
As expected, naphthazarin glucoside 8 reacted with
Danishefsky’s diene 13 in CH2Cl2 at room temperature in a
stereoselective manner to afford the cycloadduct 79; some
isomerisation of the C2–C3 double bond to the C3–C4 posi-OR*
O O
OSiMe3
MeO
18
13
Figure 24 Endo-transition state.
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Scheme 9 Endo-transition sttion (Fig. 25) occurred during precipitation from CH2Cl2–
Et2O–hexanes and a 77% recoverable yield was obtained (a
7:2 ratio of compounds 79 and 86 were obtained). A represen-
tation of its MO transition state has been displayed earlier
(Fig. 8) and is also similar for the juglone glucoside 18. Hydro-
lysis furnished the hydroxytrione 81 in 44% yield after two
recrystallisations (Miller, 1994) (Fig. 23). Tetra-acetyl diborate
was found to have a catalytic effect upon the reaction.
3.3. Related angucyclinone chemistry
Beyond anthracycline chemistry, Larsen (Caygill et al., 2001)
reported the use of naphthazarin glucoside 8 as a dienophileO
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Scheme 11 Reagents and conditions: (a) B2O(OAc)4, CH2Cl2,
0 C, 51%; (b) H+, EtOH, D, 68%.
40 J.P. Miller, R.J. Stoodleyin an enantioselective synthesis of (+)-hatomarubigin B 90
(Scheme 11); in its tetra-O-acetyl diborate catalysed reaction
with rac-(E,1R*,5R*)-3-(20methoxyvinyl)-5-methylcyclohex-2-
enol 87 in dichloromethane at 0 C, a mixture of 4 isomers
were obtained and the cycloadduct 88 was isolated in 51%
yield after column chromatography and crystallisation. The
major isomer 88 was obtained via a typical endo-transition
state as predicted using the model suggested above (Section
3.2). The absolute conﬁguration of the 3S-methyl group of
the target precursor 89 was determined by X-ray crystallogra-
phy and acidic removal of the sugar moeity in ethanol fur-
nished 90 in 68% yield. The overall yield of (+)-
hatomarubigin B 90 (98% e.e.) was 8%.4. Conclusion
The D-glucose-based silyloxy dienes of type 6, 7 or 25 and a
selection of achiral ring-DCB or ring-CB electron-deﬁcient
dienophiles have found use in known or unknown anthracyc-
linone syntheses and some reported in the literature. The ste-
reochemical outcome was based on a model involving the
exo-anomeric effect and the dienophile attaching itself to the
preferred sterically-less hindered top face of the diene.
Naphthazarin or juglone glucosides 8 or 18 and their reac-
tion with a suitable electron-rich diene such as Danishefsky’s
diene 13 occur with higher stereocontrol to afford one diaste-
reomer; the quinone ring adopts a boat-like geometry with the
two carbonyl oxygen atoms [O1 and O4] facing upwards that
shield the syn-face of the C2–C3 double bond. The diene at-
taches itself to the bottom anti-face of the glucoside. No
anthracyclinone syntheses to date have yet been reported with
these glucosides (ethynylation has proved complicated and lar-
gely unrewarding) but there is scope for future development in
this area.
Furthermore, the presence of the sugar auxiliary on the
ring-A has enabled enantioselective or enantiospeciﬁc func-
tionalisation around the ring at positions C-8, 9 and 10 in
addition to C-7.Acknowledgement
J.P. Miller wishes to thank the Science and Engineering Re-
search Council, UK (now known as EPSRC) for a Ph.D.
grant.
Appendix A. Supplementary data
Supplementary data (experimental conditions for unreported
reactions from the Doctoral thesis (Miller, 1994)) associated
with this article can be found, in the online version, at
doi:10.1016/j.jscs.2011.02.019.
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